Abstract In order to investigate the impact of U-ore on organic matter maturation and isotopic fractionation, we designed hydrous pyrolysis experiments on Type-II kerogen samples, supposing that the water and water-mineral interaction play a role. U-ore was set as the variable for comparison. Meanwhile, anhydrous pyrolysis under the same conditions was carried out as the control experiments. The determination of liquid products indicates that the presence of water and minerals obviously enhanced the yields of C 15? and the amounts of hydrocarbon and nonhydrocarbon gases. Such results may be attributed to waterorganic matter reaction in the high-temperature system, which can provide additional hydrogen and oxygen for the generation of gas and liquid products from organic matter. It is found that dD values of hydrocarbon gases generated in both hydrous pyrolysis experiments are much lower than those in anhydrous pyrolysis. What is more, dD values are lower in the hydrous pyrolysis with uranium ore. Therefore, we can infer that water-derived hydrogen played a significant role during the kerogen thermal evolution and the hydrocarbon generation in our experiments. Isotopic exchange was facilitated by the reversible equilibration between reaction intermediaries with hydrogen under hydrothermal conditions with uranium ore. Carbon isotopic fractionations of hydrocarbon gases were somehow affected by the presence of water and the uranium ore. The increased level of i-C 4 /n-C 4 ratios for gas products in hydrous pyrolysis implied the carbocation mechanism for water-kerogen reactions.
Introduction
Organic and inorganic compounds coexist in most geological environments. Experimental and field studies have demonstrated that the presence of water, minerals and catalytically active transition metal elements in sedimentary basins can influence petroleum generation and accumulation (Goldstein 1983; Huizinga et al. 1987a, b; Pan et al. 2009 Pan et al. , 2010 Tannenbaum and Kaplan 1985a, b; Mango 1992; Mango and Joe 1997) . The classical hydrous pyrolysis system described by Lewan et al. had verified that many organic reactions cannot occur without water (Mayer 1994) , which also plays an essential role in the process of petroleum generation, such as influencing the stability of crude oil and the secondary cracking of long-chain hydrocarbons (Lewan 1993 (Lewan , 1997 . In addition, with increasing temperature, more chemical types of hydrogen in the organic matter become exchangeable with those in the water and result in isotopic shifts among kerogen, bitumen and oil, but only small changes in organic 13 C/ 12 C (Schimmelmann et al. 1999) . Mineral catalysis has been suggested as an important factor in petroleum generation based on the catalytic activity of acidic clays during the refining process. Experiments using minerals ubiquitous in sedimentary basins as substrates, such as iron-bearing minerals, aluminum-containing minerals and silicates, suggested that these compounds might oxidize petroleum and generate organic acids and CO 2 (Seewald 2001 (Seewald , 2003 Seewald et al. 1998; Surdam et al. 1985 Surdam et al. , 1993 . The minerals with catalytic activity, such as montmorillonite, that catalyze reactions under dry conditions, may also be inhibited by water (Tannenbaum and Kaplan 1985a) .
Transition metal elements in source rocks have been pinpointed to be catalytic in the conversion of hydrogen and n-alkenes into natural gas. However, specific mechanisms remain equivocal (Mango 1992; Mango and Joe 1997; Lewan et al. 2008) . Uranium, as a special transition metal element, has long been known to be associated with organic matter. Under reducing conditions, U(VI) is reduced to the immobile tetravalent state, U(IV), which mainly occurs in the organic-rich shales (Partin et al. 2013; Lev and Filer 2004; Lev et al. 2008; Fisher and Wignall 2001; Galindo et al. 2007) . A lot of research has been carried out to investigate the role of organic components in metal mineralization, while the catalytic effects of uranium on oil cracking have rarely been studied or reported. Previous studies showed that U-bearing ore in source rocks acts as a catalyst, determining the degree, composition and timing of natural gas generation (Liu et al. 2006 (Liu et al. , 2013 Mao et al. 2012a Mao et al. , b, 2014 Li et al. 2008; Lu et al. 2007 ). This hypothesis may have important implications concerning gas generation in unconventional shale-gas accumulations. But since U-ore has a degree of radioactivity and serves as a complex catalyst under geological conditions, it is difficult to make breakthroughs in this field. Therefore, additional experiments are needed to better evaluate the significance of uranium in hydrocarbon generation from petroleum source rocks.
Based on oil cracking experiments in a confined pyrolysis system (gold tubes), we investigated the catalytic effects of U-ore on oil cracking, identified the chemical and isotopic features of gas hydrocarbons, and evaluated possible mechanisms in the system. Type-II kerogen samples with low maturity from the Xiamaling Formation were selected for isothermal anhydrous pyrolysis and hydrous pyrolysis under two conditions, with and without U-bearing ore.
Materials and methods

Samples
The kerogen samples used in our pyrolysis experiments were separated from the organic-rich immature source rocks from Xiamaling Formation, Xiahuayuan Area, Hebei Province, North China, with an age of 1384.4 ± 1.4 Ma (Zhang et al. 2015) . The uranium ore was collected from a depth of 170 m below the surface of the Zoujiashan Deposit, Xiangshan Uranium Field, South China. Before pyrolysis, source rock samples were firstly crushed into powder (80-100 mesh), and then treated with solvents to obtain purified kerogen samples. The kerogen was isolated from the rocks by rinsing with HF/HCl, Soxhlet extraction for 72 h, washed with distilled water and dried at a low temperature (40°C).
The geochemical features of the source rock, kerogen and minerals are listed in Table 1 . The source rock has a TOC of 3.82%, hydrogen index (HI) of 369.09 mg/g TOC and T max of 433°C. The kerogen has an H/C ratio of 1.19 and an O/C ratio of 0.02, which is classified as Type-II kerogen. The U-bearing ore we used in the experiment is composed of 50% clay, 17.4% quartz, 26.1% fluorite and 6.6% feldspar, among which uranium mainly exists in the clay minerals, with the elemental content of 0.85% (Table 1) .
Gold-tube pyrolysis
All pyrolysis experiments were performed in a gold-tube pyrolysis system at constant temperatures of 300, 330, 350, 360, 370, 390, 400 and 420°C for time intervals between 24 and 360 h at a constant pressure of 50 MPa. These were carried out at the Petroleum Geology Research and Laboratory Center (PGRLC) of the Research Institute of Petroleum Exploration and Development (Zhang et al. 2013) . The error for the temperature was less than ±1°C. The tubes used in our experiments were 50 mm in length with an inner diameter (ID) of 4.0 mm and a wall thickness of 0.5 mm. The reactants were accurately measured and loaded into the tube. A series of anhydrous samples and two series of hydrous samples were loaded into the gold tubes. In anhydrous experiments, only 50 mg of kerogen samples were loaded, while in hydrous experiments samples were separated into two sets, one with kerogen plus 50 lg deionized water (dD H2O = -55%), and the other with the same amount of water and additional 50 mg of U-ore in order to magnify the impact of water and differentiate the effects of added minerals on the hydrocarbon generation. Air in the tube was removed by argon flow, and the other end of the tube was crimped and sealed by an argon arc welder with most of the sealed end submerged in liquid nitrogen. When reaction ended, the pressure was relieved, and the gold tubes were withdrawn. Before analysis, the tubes were weighed and compared with the preheated weight to determine whether leakage had occurred during pyrolysis.
After pyrolysis, the volatile components in the tubes were collected with a custom-made gas inlet device with a known volume. Prior to piercing a tube, the device was first evacuated to a pressure of less than 0.1 MPa, then gas was allowed to escape slowly into the evacuated inlet device, and the final pressure was recorded. The device was directly connected to a gas chromatograph (GC; 7890N, Agilent) to analyze the organic and inorganic gas compositions.
Product analyses
Qualitative and quantitative analysis of the individual hydrocarbon and non-hydrocarbon gas components were conducted by a two-channel Agilent 7890 Series Gas Chromatograph (GC) integrated with an auxiliary oven, which was custom configured by Wasson-ECE instrumentation (Fort Collins, CO). The instrument was fitted with two capillary and six packed analytical columns, a flame ionization detector (FID) and two thermal conductivity detectors (TCDs). The carrier gases for FID and TCD were high-purity N 2 and He, respectively. The temperature program of the GC oven was: heating from initial 68°C (held for 7 min) to 90°C (held for 1.5 min) at a rate of 10°C/min, then to 175°C (held for 5 min) at a rate of 15°C/min. The analytical precision was B1 mol% (Zhang et al. 2007; He et al. 2011a) .
Stable carbon isotopes (d 13 C) were measured on the generated methane, ethane and propane gas with a GC/combustion/isotope ratio mass spectrometer (IRMS) (Finnigan MAT Delta, Thermo Fisher Scientific). Original stable carbon isotopes in the kerogen were determined by IRMS (Delta Plus V Advantage). Individual hydrocarbon components (C 1-5 ) and CO 2 were initially separated by using a chromatographic column. The chromatographic column temperature was increased from 35 to 80°C at a rate of 8°C/min, then to 260°C at a rate of 5°C/min, and the final oven temperature was held for 10 min. Each gas sample was analyzed twice, with an analytical precision of ±0.5% compared with the Vienna Pee Dee Belemnite (VPDB) standard.
The hydrogen isotopic (dD) analysis of the gases was performed by GC/thermal conversion/IRMS (Finnigan MAT 253 Delta). Gas components were separated by a chromatographic column, and helium was used as the carrier gas. Methane was injected in split mode (split ratio 1:7) with a constant temperature of 40°C. Ethane was injected in splitless mode and was kept at an initial temperature of 40°C for 4 min, heated to 80°C at a rate of 10°C/min, heated to 140°C at a rate of 5°C/min, and finally heated to 260°C at a rate of 30°C/min. The analytical precision was less than ±5%.
Generated liquid products (C 15? compounds) were collected by dichloromethane (DCM) extraction of solid residues after pyrolysis. In a typical procedure, the gold tubes were cut in a glass bottle, weighed as G 0 , with dichloromethane (DCM). The bottle was ultrasonicated twice for 3 min until the solvent and residues were totally separated. Then, we carefully filtered the solvent into another glass bottle, which was weighed as G 1 , through the chromatographic membrane several times until the liquid was clean. After the volatilization of DCM in both two bottles, we weighed each glass bottle again, recorded as G 2 and G 3 . The differences between G 2 and G 0 as well as G 3 and G 1 were due to C 15? compounds and solid residues after the pyrolysis, respectively (He et al. 2011a) .
Total organic carbon (TOC) and rock evaluation analyses were conducted on the kerogen with a Rock-Eval 6 carbon analyzer. Elemental analyses (C, H, N and O) were determined with an elemental analyzer (vario MICRO cube, Elementar) using acetanilide as a standard for carbon, hydrogen and oxygen. Stable carbon isotope ratios of the residues were measured online with a combustion system (Flash EA-ConFlo IV, Thermo Fisher Scientific) connected to an isotope ratio mass spectrometer (IRMS; Delta Plus V Advantage, Thermo Fisher Scientific). d 13 C and dD values of kerogen were measured with a precision of ±0.5% and ±5%, respectively. All d 13 C and dD values are reported in the permillage (%) relative to Vienna Pee Dee Belemnite (VPDB) and Vienna Standard Mean Ocean Water (VSMOW), respectively. All the analyses were performed at the Petroleum Geology Research and Laboratory Center (PGRLC) of the Research Institute of Petroleum Exploration and Development. oils, mg/g TOC Gas Yields (mL/g TOC) (Sweeney and Burnham 1990) kinetic model to estimate maturity) were calculated, ranging from 0.6% to 2.5% (Table 2) . Total C 15? oils from anhydrous and hydrous experiments were given relative to TOC (mg/g) and EasyR o % (normalized percentage) (Table 2; Fig. 1 ). As demonstrated in Fig. 1 , all three experiments show a similar trend concerning the relationship between temperature and EasyR o %. In anhydrous and hydrous experiments with and without uranium ore, yields of C 15? oils at first increased rapidly from the initial values, 30.5, 67.8 and 87.8 mg/g TOC, to the maximum values, 523.2, 679.3 and 648.3 mg/g TOC with an EasyR o % of 1.05%, and then decreased with further increased heating time. Experiments with water produced more oil than those without water, and the hydrous experiments with added U-ore produced more oil as well. Obviously, the presence of water and U-ore apparently enhanced oil yields from Type-II kerogen on different levels. Nevertheless, oil generation peaks were not affected in terms of the same EasyR o % (Fig. 1) .
Yields of gas products
The amounts and ratios of gas compositions produced during experiments are shown in Table 2 and Fig. 2 . The amounts of generated methane decrease in the order of hydrous experiments with added uranium ore (5.8-198.5 mL/g TOC), those without uranium ore (3.5-159.3 mL/g TOC), and those without water and U-ore (2.2-140.8 mL/g TOC) (Fig. 2a) .
In contrast to the continuously increasing yields of methane, the yields of wet gases (C 2-5 ) first increased to maximum values and then barely changed (Fig. 2b) . Maximum values are 107.4 mL/g TOC, 96.8 mL/g TOC and 80.4 mL/g TOC for the kerogen pyrolysis under conditions with water plus uranium ore, with water, and without water, respectively.
Among non-hydrocarbon gases, CO 2 is the most abundant, followed by H 2 S ( Table 2 ). The yields of CO 2 generated from pyrolysis with added water generally exceeded those without water. As shown in Fig. 2c , hydrous experiments with U-ore produced less CO 2 than those without U-ore, ranging from 1.6 to 22.5 mL/g TOC, and 2.2 to 28.2 mL/g TOC, respectively.
The yields of H 2 S show different trends compared with those of CO 2 . For anhydrous experiments, the yields of H 2 S increased from 1.1 to 10.8 mL/g TOC before EasyR o % reached 1%, and then the yields remained unchanged with increasing temperature and EasyR o %. On the contrary, in both hydrous experiments, the yields of H 2 S were substantially lower when EasyR o % was less than 1.5%, especially in the experiments with uranium ore. When EasyR o % is larger than 1.5%, yields of hydrous experiments without uranium ore (8.9-26.4 mL/g TOC) exceeded those of anhydrous experiments. Meanwhile, the yields of experiments with U-ore gradually increased, but were still lower than those of the anhydrous pyrolysis. The phenomenon may be due to H 2 S being removed by dissolution in water, and rapid reaction with the iron or uranium contained in the mineral assemblage to form pyrrhotite (Fe 1-x S) (Lewan 1993) . Both hydrous pyrolysis tests displayed a very similar evolution pattern in terms of the yields of H 2 (Table 2; Fig. 2d) . The values increased from the initial value of 0.4 mL/g TOC (EasyR o % = 1.59%) to 3.9 mL/g TOC (EasyR o % = 2.5%). They are substantially higher than those in anhydrous experiments, with the values from 0.1 mL/g TOC (EasyR o % = 1.8%) to 1.6 mL/g TOC (EasyR o % = 2.5%).
For the three experiments, the C 1 /C 1-5 ratios first decreased to minimum values in the EasyR o % range of 0.6%-1.2%, and then increased consistently with temperature and EasyR o %. Under conditions with lower EasyR o %, hydrocarbons with longer alkyl chains including C 15? oils and C 2-5 were dominant products. As temperature increased, the early generated oils and the methyl bonded in kerogen structures were cracked to generate more methane. The minimum values are 0.36 (R o = 0.95%), 0.50 (R o = 1.05%) and 0.50 (R o = 1.17%) in the experiments under conditions with exclusive kerogen, kerogen plus water, kerogen plus water and uranium ore, which corresponded closely to the maximum values of total C 15? oils (Table 2 ). This was also observed in previous experimental studies on Type-I and Type-II kerogens (Lorant et al. 1998; Pan et al. 2009 ). The trends of the i-C 4 /n-C 4 ratios for kerogen without water are relatively lower than those with water. For the ratios in anhydrous and hydrous pyrolysis with and without uranium ore, the values first decreased rapidly from high values of 0.35, 0.92 and 0.94 to the lowest values, 0.2, 0.4 and 0.58, and then increased again to 0.68, 0.97 and 0.96.
Carbon and hydrogen isotopes of hydrocarbon gases
Carbon isotopes
Stable carbon and hydrogen isotope ratios of produced hydrocarbon gases during thermal cracking of kerogen under controlled hydrous laboratory conditions are useful to correlate characteristic isotopic responses with differences in source materials and experimental conditions. The carbon isotope compositions of methane, ethane and propane are shown in Table 2 (Fig. 3b) . The trends of d 13 C value of propane Hydrous pyrolysis with U-ore Fig. 3 Carbon isotopic compositions of a methane, b ethane, and c propane of kerogen generated under conditions with no added water (green points), added water (blue points), and added water plus U-ore (red points) (d 13 C 3 ) are similar at the same temperature among all the sequences, with isotopic differences ranging between about -39.7 and -28.4% (Fig. 3c) . And within all the experiments, d
13 C 1 values are always more negative than the corresponding d
13 C values of ethane (d 13 C 2 ) and propane (d 13 C 3 ).
Hydrogen isotopes
The dD trends in the three experiments are shown in Table 2 and Fig. 4 . In contrast to the carbon isotope compositions, the dD values for the hydrous experiments are less negative than those for the anhydrous experiments.
In the experiments without water, dD values of methane (dD 1 ) range from -260 to -180%. In the experiments with water and water plus uranium ore, dD values of methane (dD 1 ) range from -291 to -211% and from -286 to -224%, respectively, with increasing temperature and EasyR o . dD values of ethane (dD 2 ) and propane (dD 3 ) also show consistent enrichment throughout pyrolysis, for hydrous experiments without uranium ore, and the values are between -219 and -95%, and -204 and -98%, respectively. For hydrous experiments with uranium ore, the value ranges are -233 to -112% and -203 to -123%. And in anhydrous pyrolysis, the value ranges are -172 to -29%, and -156 to -42% (Table 2) .
Isotopic compositions and elemental ratios of residues
Elemental ratios of residues
The isotopic compositions of residues and elemental ratios obtained from anhydrous and hydrous pyrolysis experiments are presented in Table 3 and Fig. 5 . The effect of increasing thermal maturation and consequent conversion of kerogen into oil and gas was indicated by the decrease in atomic H/C and O/C ratios in both experiments (Table 3 ; Fig. 5a, b) . These geochemical parameters decreased with increasing maturity, as a result of losing hydrogen and carbon during the oil and gas generation and expulsion. Compared with the anhydrous experiments, the hydrous experiments showed a considerable increase in elemental atomic ratios (H/C and O/C), and the ratios of hydrous pyrolysis generally exceeded those from the experiments with no water added. In the hydrous experiments, the ratios of H/C ranged from 1.23 to 0.53 for experiments with added U-ore and from 1.14 to 0.47 for experiments without added U-ore. The ratios of O/C were 0.08 to 0.06 and 0.02 to 0.05 for experiments with and without U-ore. In the anhydrous experiments, the H/C ratios were 1.06 to 0.44, while O/C ratios were 0.01 to 0.02 (Fig. 5a ). This result implies that both hydrogen and oxygen were incorporated during pyrolysis, which is consistent with the higher amount of CO 2 produced in the hydrous experiments (Table 2) .
Isotopic compositions of residues
Changes in the carbon isotope compositions of the residues (d 13 C residues ) show similar trends with those of the gases in Sect. 3.3 (Fig. 3) , generally ranging from -33.4 to -33% for the three experiments (Table 3 ; Fig. 5c ). All hydrogen isotope ratios of the residues (dD residues ) from the pyrolysis experiments with added water were significantly more negative than those without water (Table 3 ; Fig. 5d ), which are consistent with the notably lower values of dD in the gases produced in the hydrous experiments (Fig. 4) . However, dD values of hydrous experiments with added uranium ore range from -108.1 to -104.8%, which are higher than those without uranium ore, with the values between -130.1 and -144.1%.
Discussion
The apparent increase in liquid and gas products, as well as the depletion of deuterium in hydrocarbon gases in hydrous pyrolysis, demonstrated that water and uranium ore could participate in the thermal evolution of organic matter and provide hydrogen for hydrocarbon generation. Indeed, previous experimental work by Lewan (1997) found that water plays a positive role in the generation of oil from organic matter. Liquid water can act as an exogenous hydrogen source that inhibits cross-link reactions during anhydrous pyrolysis and promotes hydropyrolysis by free-radical reactions or carbocation reactions (Lewan 1997; He et al. 2011b) . Moreover, the increase in H 2 , the slowly decreasing H/C ratios, and the lower dD values of solid residues or kerogen during hydrous pyrolysis also demonstrated that water and mineralderived hydrogen have been introduced, which reacted with kerogen (Hoering 1984; Leif and Simoneit 2000; Lewan 1997; Schimmelmann et al. 1999) . Hence, water and uranium ore were critical in the generation of oil and gas as well as the thermal evolution of kerogen matter in our pyrolysis. Meanwhile, the mechanisms in the two tests of hydrous pyrolysis may differ a lot compared with that for kerogen cracking under anhydrous conditions. As is known, the generation of normal alkanes and isomeric alkanes during the cracking of organic compounds usually reflects free-radical reactions and carbocation reactions, respectively (Johns 2003; Kissin 1987) . As shown in Table 2 and Fig. 2 , the i-C 4 /n-C 4 ratios for gas products were evidently higher in the hydrous experiments than those in anhydrous experiments. Such results demonstrated that the carboncation mechanism which was induced by the H ? dissociated from the water should be presented (Siskin and Katritzky 1991; Leif and Simoneit 2000; Seewald 2001; Kissin 1987) . What is more, the i-C 4 /n-C 4 ratios in the hydrous experiments for kerogen plus U-ore were consistently lower compared with those without added U-ore, which is somehow opposite to the increased ratios in the previous study on kerogen with added clay mineral and water (Sweeney and Burnham 1990; Pan et al. 2010 ). The results indicated that the presence of U-ore inhibited the carbocation mechanism.
However, the increased yields of oil and gas implied there should be another reaction mechanism dominating hydrogenation during the hydrous pyrolysis with carbocations.
Additional insights into the difference among the three experiments were obtained from the isotopic data. The presence of added water with an initial dD = -55% caused about 20% deuterium-depletion in methane, which indicated that the isotopic transfer of water hydrogen into methane was affected by a kinetic fractionation favoring 1 H (Schimmelmann et al. 1999) . Hydrogen atoms from organic compounds and other available hydrogen atoms, including those from water, might participate in thermal maturation. The transfer between water-derived hydrogen and organic compound-derived hydrogen had been observed in several studies using D 2 O (Hoering 1984; Leif and Simoneit 2000; Lewan 1997 ) and deuterium-enriched water (Schimmelmann et al. 1999 ) under artificial thermal maturation conditions. The hydrogen transfer mechanisms that rely on the activation energy of various organic moieties vary. For example, in organic compounds, hydrogen bound to O, N or S can easily react with water vapor at low C residues , and d dD residues of kerogen generated under conditions with no added water (green points), added water (blue points), and added water plus U-ore (red points) temperature. Hydrogens connected to C=O and COOH, or in condensed aromatic systems, are exchangeable at elevated temperatures and suitable pH via enolization. Alkyl hydrogens are non-exchangeable owing to the strong, nonpolar covalent bond to carbon (Sessions et al. 2004) . Similar trends in isotopic exchange were also observed in d 13 C 1 . In the pyrolysis experiments, d 13 C 1 initially decreased from a high value to a minimum value, and then increased with temperature and EasyR o . This reversal implies that carbon cracking changed from labile bonds (between carbon and heteroatoms) to C-C bonds (Cramer 2004) , and this observation is consistent with many previous studies Lorant et al. 1998; Tang et al. 2000; Tian et al. 2012; Xiao et al. 2005; Xiong et al. 2004 ). All pyrolysis experiments were conducted under the same pressure, excluding the possibility of varying isotopic fractionation during gas generation and expulsion under different pressures.
As shown in Fig. 4 and Table 2 , a higher depletion of hydrogen isotopic compositions of the gas products was observed in the hydrous pyrolysis with added U-ore than those without uranium ore, and the isotopic change accelerated with increasing temperature. This difference might be most readily interpreted by the different reaction pathways between organic matter and water. In hydrous pyrolysis without the uranium ore, hydrogen from water simply exchanged with organic matter through a carbocation mechanism or by direct addition to the double bonds in the pyrolysis (Lewan 1997; Schimmelmann et al. 1999) . However, in the experiments with uranium ore, more complex mechanisms might be involved, and water could at first react with minerals during the pyrolysis to produce hydrogen gas (Seewald 2001 (Seewald , 2003 , and the latter would continually react with kerogen to produce hydrocarbon. The secondary-fractionation of hydrogen caused the values of dD H2 to be relatively lower than the values of water or organic matter, and further affected the hydrogen isotope ratio of products (Schimmelmann et al. 1999; Seewald 2001; Leif and Simoneit 2000) . Furthermore, as proposed by Seewald (2001 Seewald ( , 2003 , in the conditions with water and U-ore the aqueous n-alkanes decomposed through a series of oxidation and hydration reactions, which produced reaction intermediaries, including alkenes, alcohols, ketones and organic acids. The chemical changes during the pyrolysis would affect the exchangeability of hydrogen atoms. For example, a hydrogen atom adjacent to electronwithdrawing groups, such as carbonyl, carboxyl, alcohol or amino groups, can exchange with ambient water over relatively short geologic timescales (Seewald 2001; Larcher et al. 1986 ). Thus, the attainment of this rapidly reversible metastable thermodynamic equilibrium provided a pathway for hydrogen exchange and enhanced the exchange rates (Reeves et al. 2012) .
Conclusions
In this study, we compared the chemical and isotopic compositions of thermogenic gas and oil generated during pyrolysis of Type-II kerogen with variation of EasyR o %, an index reflecting maturity, from 0.6% to 2.5%. Pyrolysis experiments were carried out in the presence and absence of water and U-ore in sealed gold tubes under different conditions with eight temperatures ranging from 300 to 420°C. The conclusions are as follows:
1. In the hydrous experiments with and without U-ore, the yields of C 15? oils increased from 67.8 mg/g TOC and 87.8 mg/g TOC to 679.3 mg/g TOC and 648.3 mg/g TOC, respectively, which are 29% higher than those of anhydrous pyrolysis. Amounts of gas products, including methane, ethane, CO 2 and H 2 also increased to different degrees. The results demonstrated that water and U-ore provided sources of hydrogen and oxygen in the hydrocarbon generation. 2. The gas products and residues of hydrous pyrolysis were deuterium-depleted, and the residues had a higher elemental atomic ratio than the anhydrous pyrolysis counterparts, which suggested that water-derived hydrogen and oxygen, as well as uranium ore derived oxygen were incorporated into the gas products of hydrous pyrolysis, and were exchanged with the kerogen during the process. The dD values of the gas products were much lower in hydrous pyrolysis with uranium ore, indicating that the generation of H 2 occurred in hydrous pyrolysis with U-ore, which accounts for the higher depletion of deuterium in the gas products. 3. The main reaction in the pyrolysis of kerogen with water is the carbocation mechanism, reflected by a higher ratio of i-C 4 /n-C 4 in the hydrous pyrolysis than that in the anhydrous pyrolysis. The lower i-C 4 /n-C 4 ratios of the hydrous experiments plus U-ore indicated that the carbocation mechanism was inhibited to some extent.
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